The aims of the present study were to compare centrality and other measures of bovine movement networks in the state of Mato Grosso, Brazil, in 2007, by examination of the positive and negative herds identified in the brucellosis survey conducted in 2003. In addition, we aimed to examine the association between herd size (measured by the number of females older than 24 months, denoted FEM24+) and animal trade between herds. We found a statistical association between brucellosis occurrence and both the total degree (number of traded animals) and out-degree (for the number of animals sold and the number of neighboring herds). This finding suggests that positive herds in the 2003 survey were trading (particularly selling) more frequently in 2007 than negative herds, thereby presumably increasing the risk of disease spread. Statistical differences observed (p-values) in the network of movements for reproduction purposes were more significant than those observed in other networks for average herd size; degrees of animals, batches, and neighbors; outdegree of neighbors; and betweenness. We found positive associations (p < 0.001) between the following variables: number of traded animals and the FEM24+ herd size; FEM24+ herd size and FEM24+ herd size of neighbors within the network of cattle movement; FEM24+ herd size of neighbors and number of traded animals; and weighted degree (animals) of neighbors and degree (animals) of the herd of origin. A comparison of positive and negative herds stratified by herd size (≤ 10 FEM24+; and > 50 FEM24+), within the network of movements for reproduction purposes, revealed significant differences (p < 0.05) in the > 50 FEM24+ category only, for average herd size, total degree (animals, batches, and neighbors), outdegree (animals, batches, and neighbors), and outcloseness. Logistic regression analysis, in which average herd size and degree (animals) were both factors, showed that a tenfold increase in herd size and the number of animals traded would lead to an increased chance of a herd being positive by 41% (OR = 1.41 [1.01; 1.99]) and 39% (OR = 1.39 [1.05; 1.85]), respectively. We concluded that the presence of bovine brucellosis is associated with a larger herd size, which is consistent with other reports. We also found an association between the increased trade of bovines and the presence of bovine brucellosis. Furthermore, an association was noted between herd size and animal trade, both of which could contribute to the spread of brucellosis. 
Introduction
The association between herd size and the presence of bovine brucellosis has been reported in previous studies (MATOPE et al., 2010; SALMAN; MEYER, 1984) . In particular, herd size has been identified as a risk factor for bovine brucellosis in epidemiological surveys conducted in some Brazilian states (CHATE et al., 2009; DIAS et al., 2009b; KLEIN-GUNNEWIEK et al., 2009; NEGREIROS et al., 2009; OGATA et al., 2009; SILVA et al., 2009) and in the nationwide analysis of Brazil (MOTA et al., 2016) .
Some features of large herds, such as a higher frequency of animal replacement, could influence the transmission dynamics of bovine brucellosis. Thus, cattle herd size and animal trade are potentially associated factors that might interact and thereby affect the dynamics of bovine brucellosis.
To analyze the network of animal movements among farm premises, we applied methods of social network analysis. These methods have been long established in the fields of sociology, psychology, anthropology, and biology (MARTÍNEZ-LÓPEZ et al., 2009 ); however, their application in the field of veterinary medicine has been relatively recent. The first of such studies were conducted by Bigras-Poulin et al. (2006) , Christley et al. (2003) , Corner et al. (2003) , and Webb and Sauter-Louis (2002) . The network analysis currently applied to veterinary epidemiology goes beyond a simple description of the pattern of animal movements and is applied: to the mathematical modelling of the spread of disease within a network (BAJARDI et al., 2012) ; to provide support for risk analysis and risk-based sampling based on the detection of livestock production zones (GRISI-FILHO et al., Cattle movement network, herd size, and bovine brucellosis in the State of Mato Grosso, Brazil 2013; LENTZ et al., 2011) ; and to the surveillance and control of infectious diseases SCHÄRRER et al., 2015) .
In animal movement networks, farm premises are considered the nodes and animal movements are the edges connecting these nodes. The networks of animal movements, particularly cattle movements, have specific characteristics: they are directed, dynamic, and have a high degree of heterogeneity (BIGRAS-POULIN et al., 2006) . In addition, the degree distribution of some of these networks follows a power law (BIGRAS-POULIN et al., 2006; NEGREIROS, 2010) . Therefore, in the analysis of networks of animal movements, one must be careful to consider these characteristics.
The aims of the present study were twofold: first, to compare positive and negative herds identified in the brucellosis survey conducted in 2003, regarding the centrality measures in the network of bovine movements in the state of Mato Grosso, Brazil, in 2007; and second, to examine the association between herd size (particularly females older than 24 months, denoted FEM24+) and animal trade.
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Materials and Methods
Database
The state of Mato Grosso (MT) had the largest cattle herd (25.7 million cattle) in Brazil in 2007 (IBGE, 2015 . Since the herd size of a given premises could vary during the year, we calculated the mean between the herd size on December 31, 2006 and on December 31, 2007, to estimate the average herd size of the farm premises of Mato Grosso.
To calculate the network centrality measures, we used the cattle movement network of the state of In an epidemiological survey carried out in the state of Mato Grosso in 2003, 1,115 herds were sampled and a prevalence on herd level of 41.2% of bovine brucellosis was estimated (NEGREIROS et al., 2009) . Of these 1,115 herds, 641 (262 positive and 379 negative) were in the animal movement network of MT. We gathered information about the trade of cattle among these herds in 2007 (Figure 1 ).
Network centrality measures
We calculated the following network measures (NEWMAN, 2010) : degree (total, incoming and outgoing); betweenness; closeness; clustering coefficient; PageRank; and ingoing and outgoing contact chain (NöREMARK; WIDGREN, 2014) . A more detailed description of these network measures is presented in the Appendix. Each of these measures is used to shed light on a different aspect of the network analysis. In summary, the aforementioned centrality measures could be described from a practical point of view as follows:
1. The degree is the simplest centrality measure and indicates how connected a given premises is within the network. It can be calculated in three different forms: the degree of neighbors indicates the number of trade neighbors (within the network of animal movements, not necessarily a spatially close neighbor) of a given farm premises; the degree of animals and batches indicate how many animals or batches of animals, respectively, that the reference farm premises moved within the network. The degree may be calculated considering only animals or batches purchased (indegree) or sold (outdegree).
2. The betweenness of a given premises indicates its importance as a "bridge" between two other premises, or two distinct groups of premises. Premises with high betweenness have considerable influence on the flow control of an animal movement network, and their removal for instance, through quarantine during an outbreak, can lead to fragmentation of the network, thereby making other premises less reachable.
3. The closeness of premises indicates how close other premises are to a given premises, in terms of network distance.
4. The clustering coefficient of premises evaluates the fraction of pairs of neighboring farm premises (of the reference premises) that are also neighbors of each other in terms of trade.
5. The PageRank indicates the importance of the premises with regard to the number and origin of animals bought. The PageRank calculation takes into account the indegree of a given premises and the indegree of its neighbors.
6. The ingoing and outgoing contact chain (ICC and OCC, respectively) refer to the number of premises in direct and indirect contact with a given farm premises, considering movements that have the reference premises as either a target or a source node, respectively, and taking into account the temporal coherence. The contact chain indicates possible routes for the movement of an animal within the network or even for the potential spread of an infection.
These network measures were calculated for positive and negative herds using the R software (R CORE TEAM, 2015) and igraph package (CSARDI; NEPUSZ, 2006) , considering the following networks: all bovine movements ("whole network"); movements for fattening purposes only ("fattening only"); movements for reproduction purposes only ("reproduction only"); and a final network in which the movements to slaughterhouses were disregarded ("without abattoirs"). To investigate the influence of herd size further, analysis was carried out for the network of movements for reproduction purposes, with stratification by herd size, using the same categories as those of the brucellosis survey in the State of Mato Grosso (NEGREIROS et al., 2009) , specifically: ≤ 10 females older than 24 months (FEM24+); 11-50 FEM24+; and > 50 FEM24+ in the herd.
Cattle movement network, herd size, and bovine brucellosis in the State of Mato Grosso, Brazil Comparisons between the network measures of positive and negative herds were performed using the nonparametric Mann-Whitney test with a significance level of α = 0.05.
Analysis of the association between cattle movement network and herd size
The following comparisons, regarding herd size and the number of traded animals, both in 2007, were carried out between:
1. the number of FEM24+ and the number of animals traded by each herd;
2. the number of FEM24+ of a given herd and the mean FEM24+ of its neighbors, weighted by the number of traded (sold and bought) animals (degree);
3. the number of animals traded by a herd and the mean FEM24+ of its neighboring herds, weighted by the number of traded animals; and 4. the number of animals traded by a herd and the average degree (animals) of neighbors, weighted by the number of traded animals.
We chose the age interval FEM24+ because this interval was also used in the bovine brucellosis surveys conducted in Brazil (CHATE et al., 2009; DIAS et al., 2009b; KLEIN-GUNNEWIEK et al., 2009; NEGREIROS et al., 2009; OGATA et al., 2009; SILVA et al., 2009 ).
To draw these comparisons and display the data graphically using boxplots, we partitioned the values of FEM24+ size and the degree of animals in deciles (i.e., we divided the data distribution into 10 quantiles). The statistical comparisons among deciles were carried out using the nonparametric Kruskal-Wallis statistical test with a significance level of α = 0.05.
Results and Discussion
The number of farm premises, edges (equivalent to bovine movements), batches of animals, and animals moved are presented in Table 1 , for the networks analyzed; the networks with movements to slaughterhouses only ("slaughter only"); and networks with movements for other purposes ("other purposes"), such as exhibition, markets, sports, and work. Tables 2 and 3 show the results of the comparisons between positive and negative herds for different network measures and the average number of bovines, considering the following networks: all bovine movements; movements for fattening purposes; movements for reproduction purposes; and the network excluding movements to slaughterhouses. Statistically significant differences (p < 0.05) between positive and negative herds were observed for the following variables: closeness out N 2e-10 (5e-11) 0.992 2e-10 (5e-11) 0.980 3e-10 (4e-11) 0.461 4e-10 (6e-11) 0.192 P 2e-10 (5e-11) 2e-10 (5e-11) 3e-10 (4e-11) 4e-10 (6e-11) 1. in the whole network: average number of animals in the farm; total degree (for the number of animals moved); and outdegree (for animals, batches of animals, and neighboring premises).
2. in the network disregarding movements to slaughterhouses ("without abattoirs"): average number of animals on the farm; total degree (for animals and batches of animals moved); and outdegree (for animals, batches of animals, and neighboring herds).
3. in the network for fattening purposes ("fattening only"): outdegree (for animals and batches of animals moved).
4. in the network for reproduction purposes ("reproduction only"): mean number of animals on the farm; total degree (for animals, batches of animals, and neighboring herds); outdegree (for animals, batches of animals, and neighboring herds); and betweenness.
Regarding the association between herd size and the number of traded animals in 2007, and considering the data partitioned in deciles of the independent variable, we observed the following:
1. the median number of traded animals increased as the FEM24+ herd size increased (Figure 2) . A similar pattern was observed in the analysis of the number of animals bought or sold as a function of FEM24+ herd size (graphs not shown).
2. the median weighted FEM24+ herd size of the herd neighbors increased as the FEM24+ herd size increased (Figure 3 ).
3. the median weighted FEM24+ herd size of the herd neighbors increased as the number of animals traded increased (Figure 4) .
4. the median number of animals traded by neighbors increased as the number of animals traded by a herd increased ( Figure 5 ).
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In each of these four comparisons, we found statistically significant differences (p < 0.001) among the data grouped in deciles of either FEM24+ herd size or the number of traded animals. Table 4 shows the results of comparisons between positive and negative herds in the network with movements for reproduction purposes only among three herd sizes (≤ 10 FEM24+, and > 50 FEM24+) . Statistically significant differences (p < 0.05) between positive and negative herds were observed only in the herd size category of > 50 FEM24+ for the following variables: average herd size; total degree (for animals, batches of animals, and neighboring herds); outdegree (for animals, batches of animals, and neighboring herds); and outcloseness.
In order to determine whether herd size and the number of animals moved would be correlated or whether both would contribute to the presence of bovine brucellosis in a herd, we carried out logistic regression analysis considering the herd status (positive or negative) for bovine brucellosis as the outcome variable and base 10 logarithm of both average herd size and total degree (for animals moved) as the predictor variables. The results of the network for reproduction purposes are presented in Table 5 . Both the logarithm of herd size and that of outdegree were associated with brucellosis status. A tenfold increase in herd size is predicted to lead to an increased chance of a positive status by 41% (OR = 1.41 [1.01; 1.99]); and a tenfold increase in the number of animals traded (purchased and sold) is predicted to lead to an increased chance of a positive herd status by 39% (OR = 1.39 [1.05; 1.85]).
From all batches sold for reproduction purposes that originated from herds included in the brucellosis survey, 36.6% were from positive herds. From all batches sold for reproduction purposes that originated from herds included in the brucellosis survey, 36.6% were from positive herds. Figure 3 . Boxplots of herd size of neighbors (weighted by trade intensity, i.e., the number of animals bought or sold to each neighbor) for each decile category of herd size. Herd size is defined as the number of females of reproductive age (FEM24+). . Boxplots of degree of neighbors (number of animals traded by a neighbor, weighted average by trade intensity, i.e., the number of animals bought or sold to each neighbor) for each decile category by degree (the number of animals bought or sold by premises). Figure 5 . Boxplots of degree of neighbors (number of animals traded by a neighbor, weighted average by trade intensity, i.e., the number of animals bought or sold to each neighbor) for each decile category by degree (the number of animals bought or sold by premises). Within the network of bovine movements in 2007, we found a statistical association between the presence of brucellosis (in the 2003 survey) and both total degree (animals) and outdegree (for the number of animals and batches of animals sold, and the number of neighboring herds that buy animals from the herd of origin). Whatever the origin of such associations, the potential implications of this finding are important for the spread of brucellosis among herds, because it reveals that positive herds in the 2003 survey were trading (and particularly selling) more extensively in 2007 than the negative herds. This presumably increased the risk of disease spread within the state, assuming those herds remained positive (or infected). It is noteworthy that in the nationwide analysis for herd-level risk factors of bovine brucellosis in Brazil (MOTA et al., 2016) , the risk of infection was higher for farms that purchase replacement stock from cattle traders.
The statistical differences observed in the network of movements for reproduction purposes were more significant than those observed in the other networks for the following parameters: average herd size, degree of animals, degree of batches, degree of neighbors, outdegree of neighbors, and betweenness. The purchase of animals for reproduction purposes was identified as a risk factor for bovine brucellosis in three Brazilian states (DIAS et al., 2009a; GONÇALVES et al., 2009; KLEIN-GUNNEWIEK et al., 2009 ). These findings also reinforce the need for diagnostic testing before permitting animal movements for reproduction purposes. Interestingly, any difference observed in betweenness was only significant between positive and negative herds within the network for reproduction purposes, suggesting that there are positive herds occupying central positions along the path of movements between other herds.
A comparison between positive and negative herds, stratified by herd size, within the network of movements for reproduction purposes, revealed statistically significant differences (p < 0.05) in herd size, degree, and outdegree in the category > 50 FEM24+ only. Logistic regression analysis considering both average herd size and degree of animals as factors showed that a tenfold increase both in herd size and the number of animals traded would lead to the increased chance of a positive herd status by 41% (OR = 1.41 [1.01; 1.99]) and 39% (OR = 1.39 [1.05; 1.85]), respectively. Thus, both herd size and animal trade might contribute to the spread of brucellosis.
A statistically significant difference between positive and negative herds was noted in the total degree of batches in the network without abattoirs and the network for reproduction purposes (p = 0.017 and p = 0.006, respectively). However, such differences were not observed in the network for fattening purposes. These findings suggest the primary influence of animal movements for reproduction purposes. The same line of reasoning applies to the difference in the total degree of animals moved between positive and negative herds.
Conclusions
Analysis of the association between herd size and the number of traded animals revealed that: the number of traded animals and the FEM24+ herd size are positively associated; the FEM24+ herd size is positively associated with the FEM24+ herd size of its neighbors within the network of cattle movement; the FEM24+ herd size of the neighbors is positively associated with the number of traded animals; and the weighted degree (animals) of the neighbors is positively associated with the degree (animals) of the herd.
Herd size was identified as a risk factor for brucellosis in the state of Mato Grosso (NEGREIROS et al., 2009) . In the present study, we observed that larger herds traded animals more intensively than smaller herds (p < 0.001). In summary, the presence of bovine brucellosis is generally associated with larger herds. In addition, we found a presumable association between more intense trade of bovines and the presence of bovine brucellosis. Furthermore, herd size and animal trade are associated factors that might contribute to the spread of brucellosis.
On one hand, the dynamics of animal trade itself could primarily influence the spread of an infectious disease (such as brucellosis) among animals. On the other hand, as discussed, we cannot rule out the possibility that an animal disease could affect the dynamics of the animal trade network.
Appendix -Description of parameters used in the network analysis
Degree
The degree, represented by k, is one of the main centrality measures of a network that can be easily calculated. The traditional definition of the degree is the number of edges connected to a particular node (CALDARELLI, 2007) . In a directed graph, each node has two degrees: an in-degree (k in ) and an out-degree (k out ) that represent the number of edges arriving at the node and leaving it, respectively.
For an undirected graph, the degree k i of a node i, is calculated by summing either the row i or the column i of the adjacency matrix A (n, n), where n is the number of nodes in the network, and can be defined as follows (CALDARELLI, 2007) The total degree of a directed graph is the sum of the in-degree and out-degree (COSTA et al., 2007) .
To analyze the degree on a cattle movement network, the node can be represented by specific premises (slaughterhouse, farm, etc.) and edges can be defined in three ways, resulting in three distinct classifications of degree: The weighted degree is also referred to as strength by some authors (COSTA et al., 2007) , hence the notation s.
Betweenness
The betweenness of a node is given by the total geodesic distance (i.e., the shortest distances between nodes on the network) between pairs of other nodes, including the reference node (FREEMAN, 1977) .
Mathematically, we define a variable i st n for node i, which is equal to 1 when the geodesic between nodes s and t goes through i; and is equal to 0, when it does not. Therefore, the betweenness is derived by the following equation (NEWMAN, 2010) :
Closeness
The closeness measures how close a given node is to other network nodes. According to Freeman (1979) , the simplest way to calculate this measure of centrality is to define it mathematically as the inverse of the sum of the geodesic distances between the reference node and the rest of the network. Closeness has been proposed to assume higher values for those nodes that have the shortest geodesic between other network nodes. Cipullo, R. I. et al. It is derived as follows:
where C i is the measure of closeness of node i and d ij is the geodesic distance between nodes i and j. If there are no geodesics between nodes i and j, the total number of network nodes (n) could be used instead of the geodesic value (d) (CSARDI; NEPUSZ, 2006) .
Clustering Coefficient
For undirected networks, the definition of the clustering coefficient (CC) refers to the number of triangles in the network (COHEN; HAVLIN, 2010), i.e., it is the measure of how frequently the nodes of a network are united in groups of three. According to Caldarelli (2007) , the formula to calculate the clustering coefficient is as follows: PageRank is an analysis algorithm of connections in networks used by the Internet search engine Google (BRIN; PAGE, 1998) . This algorithm assigns a value of the relative importance of each network node (PageRank value), considering the number of edges that a node receives (indegree) and the number of edges that its neighbors receive. In addition, it is propagated through the network, based on the premise that nodes receive important links from important nodes. PageRank is derived by (NEWMAN, 2010) however, node C has a higher PageRank than A and B, because the link that C receives comes from an important node (node D) that raises its PageRank.
